ABSTRACT Optical scatter imaging (OSI), a technique we developed recently, was used to measure the ratio of wide-tonarrow angle scatter (OSIR) within endothelial cells subjected to calcium overload (1.6 mM) after permeabilization by ionomycin. Within a few minutes of calcium overload, the mitochondria, which started as elongated organelles, rounded up into spherically shaped particles. This change in morphology was accompanied by a statistically significant 14% increase in OSIR in the cells' cytoplasm. Mitochondrial rounding and OSIR increase were suppressed by cyclosporin A (25 M), implying that the observed geometrical and scattering changes were directly attributable to the mitochondrial permeability transition. The angular scattering properties of a long mitochondrion rounding up were approximated by numerical simulations of light scatter from an ellipsoid rounding up into a sphere. The simulations predicted a relative increase in OSIR comparable to that measured experimentally for the case where the shape transition takes place with little or no volume increase. The simulations also suggested that mitochondrial refractive index changes could not account for the OSIR changes observed. Our data show that changes in OSIR correlate with mitochondrial morphology change in situ. OSI provides a new tool for subcellular imaging and complements other microscopy methods, such as fluorescence.
INTRODUCTION
Alterations in mitochondrial morphology have been associated with mitochondrial metabolic state (Lehninger, 1959; Packer, 1960 Packer, , 1967 Hackenbrock, 1966; Harris et al., 1969; Hunter et al., 1976; Halestrap, 1994; Territo et al., 2001 ) as well as ischemic and apoptotic cell death (Herdson et al., 1964; Pastorino et al., 1995; DiLisa et al., 1998; VanderHeiden et al., 1997; Martinou et al., 1999; Bernardi et al., 2001; Mootha et al., 2001; Scorrano et al., 2002) . Whereas change in mitochondrial morphology could be assessed by electron microscopy, dynamic studies of viable mitochondria typically use light scattering to study this organelle, whose size is close to the optical resolution of microscopes. Light scattering is sensitive to changes in the size and shape of particles with dimensions on the order of the wavelength. The light scattering measurement may be carried out either in a spectrophotometer with the mitochondria suspension contained in a regular cuvette or by flow cytometry. Measurements of light transmission or angular light scattering at 90°from a suspension of isolated mitochondria have long been correlated with the morphology of mitochondria in the orthodox and condensed states (Hackenbrock, 1966; Hunter et al., 1976) . Since these early studies, light scattering has become the technique of choice to detect mitochondrial size change. Light scattering techniques have proved essential in studying the mitochondrial permeability transition (Hunter and Haworth, 1979; Bernardi et al., 1992; Bernardi, 1992; Petronilli et al., 1994; Hoek et al., 1995; Constantini et al., 1996; Scorrano et al., 1997; Kristal and Dubinsky, 1997) . More recently, the same light scattering measurements were applied to the detection of mitochondrial morphology change during apoptosis using flow cytometry (VanderHeiden et al., 1997) and by measuring changes either in 90°s catter or absorbance in a spectrophotometer (Zamzami et al., 1996; Jurgensmeier et al., 1998; Narita et al., 1998; Finucane et al., 1999) . In these studies, mitochondria are usually isolated from the cell before the light scatter measurement can be carried out.
The goal of the present study is to show whether light scattering could be used to track relative changes in mitochondrial morphology within living cells. We use a recently developed optical scatter imaging (OSI) technique, which can track particle size in situ (Boustany et al., 2001) . The OSI technique consists of a combination of light scatter spectroscopy and microscopy. Optical scatter images of monolayers of cells in culture are generated. These images directly encode the ratio of wide-to-narrow angle scatter within the full field of view. Although the cell cytoplasm may contain many several potential scatterers consisting of the different organelles, earlier results have shown that mitochondria should provide a very significant scattering signal (Beauvoit et al., 1994 (Beauvoit et al., , 1995 .
We had previously validated the OSI technique on polystyrene sphere suspensions, and shown that the measured scatter image ratio (OSIR) decreases monotonically with sphere diameter as predicted by theory (Boustany et al., 2001) . Here, we validate OSI in a biological system. We use calcium injury as a model of mitochondrial size/shape change and demonstrate how the OSIR correlates with calcium-induced alterations in mitochondrial morphology in situ. Furthermore, we compare the scatter changes observed to theoretical light scattering predictions from ellipsoids and spheres. Both the experiments and the theoretical modeling are used to quantify the morphological response of mitochondria to calcium overload.
MATERIALS AND METHODS

Cell culture
Bovine aortic endothelial cells (Clonetics, Walkersville, MD) were cultured on glass coverslips in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM Lglutamine, 20 U/ml heparin, 0.012 mg/ml bovine brain extract, 40 U/ml penicillin, and 40 g/ml streptomycin. DMEM, FBS, L-glutamine, penicillin, and streptomycin were from Life Technologies (Rockville, MD). Heparin was from Sigma Chemical Co. (St. Louis, MO). Bovine brain extract was from Clonetics (Walkersville, MD). The cells were kept in culture at 37°C in a 5% CO 2 in air atmosphere.
Calcium experiments
Each coverslip with attached live cells was mounted by means of a steel plate onto the stage of the inverted microscope. Just before mounting onto the microscope's stage, the growth medium was replaced with a salt solution containing calcium and magnesium (solution 1 in Table 1 ). While still on the microscope stage, the cell membranes were permeabilized for 15 min in a calcium-free salt solution (solution 2 in Table 1 ) supplemented with 20 M of the calcium ionophore, ionomycin (Calbiochem, San Diego, CA). After permeabilization, solution 2 was replaced by a final salt solution containing calcium, which can now pass through the cell membranes. Two different calcium concentrations (solution 3 or 4 in Table 1) were used after permeabilization to probe the response of mitochondria to high calcium. In the data presented, solution 4 (0.8 mM CaCl 2 ) was used for the cell depicted in Figs. 2 and 3, whereas solution 3 (1.6 mM CaCl 2 ) was used for the cells discussed in Figs. 4 and 5. To assess whether the mitochondrial changes observed were caused by the mitochondrial permeability transition, cyclosporin A (CsA) was used to block the mitochondrial permeability transition, (Broekemeier et al., 1989; Zoratti and Szabo, 1995) . In this case, 25 M cyclosporine (Novartis, East Hanover, NJ) was added to all solutions, before, during, and after ionomycin permeabilization. All calcium experiments were conducted at room temperature.
In selected cases, the live cells were pre-labeled with the fluorescent mitochondrial probe Mitotracker Green (Molecular Probes, Eugene, OR) to visualize specifically the mitochondria. For this, the cells were incubated for 45 min in growth medium supplemented with 100 nM Mitotracker Green before transferring the coverslips to the microscopy setup. Mitotracker labeling was done at 37°C in the 5% CO 2 in air atmosphere.
Apparatus and data acquisition
The OSI technique was described previously in detail (Boustany et al., 2001 ). Fig. 1 shows the microscopy setup. The specimens were mounted on the stage of an inverted microscope (Nikon, Eclipse T300, Melville NY), which was also fitted with epifluorescence and differential interference contrast (DIC) imaging capabilities. The microscope condenser was adjusted to central Kohler illumination, with a condenser numerical aperture (NA) of 0.03 (condenser front aperture closed). For illumination, light from the microscope's halogen lamp was filtered to yield an incident red beam, ϭ 630 Ϯ 5 nm. The images were collected with a ϫ60 oil immersion objective, NA ϭ 1.4, and displayed on a charge coupled device camera (Sensicam, Cooke Corp., Auburn Hills, MI). In a Fourier plane conjugate to the back focal plane of the objective, a beam stop was placed in the center of an iris with variable diameter. As the inset in Fig. 1 shows, the variable iris collected light scattered within a solid angle, bound by 2°Ͻ Ͻ 10°for low NA, and 2°Ͻ Ͻ 67°f or high NA. The diameter of the beam block (0.5 mm), the smallest iris diameter, and the NA of the microscope objective defined the angles 2°, 10°, and 67°, respectively. The angles 2°and 10°were measured from the diffraction pattern of a grid of lines with spacing a ϭ 10 m.
For each specimen studied, two sequential dark-field images, collected 20 -30 s apart, were acquired at high and low NA by manually adjusting the diameter of the variable iris. A solvent sample consisting of the salt solution in which the sample was prepared served to provide the background scatter signal due to the microscope optics. This background signal was subtracted from each image. The background-subtracted dark-field images were binned into pixels that, depending on the final magnification, corresponded to regions in the object between 2 ϫ 2 m 2 and 2.5 ϫ 2.5 m 2 . The OSIR was then measured at each pixel bin by dividing the background-subtracted high NA image by the background-subtracted low NA image. Given the aperture settings used, OSIR can be defined as: where F(, ) gives the intensity of the light scattered in a given direction defined by the angles and . is the angle between the scatter direction and the direction of propagation of the incident light, and is the azimuthal angle of scatter.
Light scatter simulations
Simulations of light scattering from spheres and ellipsoids were carried out utilizing the finite-difference time-domain technique (Dunn et al., 1996; Drezek et al., 1999) . These simulations were used to calculate the scatter intensity function F(, ) in Eq. 1. The scatter ratio, OSIR, was calculated after numerical integration of the scatter intensity function F(, ) according to Eq. 1. In these simulations, the incident light was naturally polarized, and the incident wavelength was ϭ 630 nm. The cytoplasm refractive index was 1.35. The initial mitochondria refractive index was 1.4.
RESULTS
Effect of calcium treatment on mitochondria and light scattering
In Fig. 2 , differential interference contrast (Fig. 2 , A and C) and fluorescence (Fig. 2 , B and D) images depict the sudden change in the shape of mitochondria within a few minutes of calcium overload. Mitotracker Green, which was used to stain the mitochondria, shows a fluorescent pattern in Fig. 2 B consistent with other studies of endothelial cell mitochondria stained with functional dyes such as fura 2 and rhodamine 123 (Steinberg et al., 1987) , rhodamine 6G (Siemens et al., 1982) , or a fluorescent antibody toward a mitochondrial protein (Lewis et al., 1991) . The mitochondria (arrows), which are the elongated organelles before calcium injury ( Fig. 2 , A and B) round up in response to the sudden increase in cytoplasmic calcium (Fig. 2, C and D) . Fig. 3 shows the dark-field images and ratiometric scatter images for the cell depicted in Fig. 2 , before and after the calcium insult (upper and lower panels, respectively). Fig. 3 , A and D, shows the dark-field images collected with the high NA setting of the variable iris before (Fig. 3 A) and after ( Fig. 3  D) the calcium overload. Fig. 3 , B and E, shows the darkfield images collected with the low NA setting of the iris. In these dark-field images, the transmitted light has been blocked out by the beam stop in the center of the variable iris (see Fig. 1 ), and the intensity is directly proportional to the intensity of the light scattered by the particles (organelles) within the cell. By comparing Fig. 3 , A and D, with Fig. 2 , B and D, we find that a considerable number of scatterers within the cytoplasm of endothelial cells correspond to mitochondria (arrows in both Figs. 2 and 3 ). In these dark-field images, certain scattering effects can also be observed. For example, one would expect from scatter theory that the larger a particle, and the larger the difference between its refractive index and that of the surrounding medium, the larger its scattering cross section, and the brighter it will appear in this central dark-field imaging configuration. Moreover, the ratio of wide-to narrow-angle scatter will generally decrease with increasing particle size. These scattering effects can be observed in Fig. 3, A and B, keeping in mind that index differences among organelles are relatively small. For example, the nucleoli (e.g., particle at grid coordinate 110 (row) and 140 (column) in Fig. 3 A) appear brighter than the smaller organelles in the cytoplasm because of their larger size. Moreover, the difference between the nucleoli and organelle intensity is accentuated at low NA (Fig. 3 B) . Larger particles are expected to have a more forward-directed scatter. Thus, the intensity of small organelles becomes more significantly attenuated than that of larger organelles when the iris diameter is reduced at FЈ in the optical setup (see Fig. 1 ).
The OSI technique consists of taking the ratio of the high to low NA image after binning, which ensures that each pixel bin includes most of the scatter intensity from at least one particle (see Materials and Methods). The ratiometric scatter images are shown in Fig. 3 , C and F. The change in the morphology of the mitochondria previously shown in Fig. 2 is accompanied by a significant intensity increase in the optical scatter image (Fig. 3, C3F) . The subcellular regions exhibiting the largest change in OSIR correspond to the regions in which the mitochondrial shape changes result in the most pronounced changes in angular scatter properties. These regions may not always correspond to the regions of most intense Mitotracker fluorescence signal, which itself does not depend on angular scatter properties but rather on mitochondrial concentration and retention of Mitotracker in the mitochondrial matrix. The OSIR increase depicted in Fig. 3 was reproducible. After segmenting the images, the OSIR was averaged over the cytoplasm of each tested cell, excluding the nucleus. The mean OSIR values per cell thus generated were subsequently normalized, then averaged and plotted in Fig. 4 (filled circles) for all cells (n ϭ 70) subjected to calcium injury. The average OSIR values before and a few minutes after calcium addition are listed in Table 2 . The mean OSIR increased by 14% and went from 1.47 to 1.68 upon calcium addition. Adding the mitochondrial permeability transition inhibitor CsA resulted in no significant scatter ratio change (Fig. 4 , open squares, n ϭ 64) and no mitochondrial rounding (an illustrative example is shown in Fig. 5 ). The suppression of OSIR increase by CsA shows that mitochondrial changes resulting from the permeability transition fully account for the scatter changes observed. Using solution 4 (0.8 mM calcium) instead of solution 3 (1.6 mM calcium) after permeabilization (see Table 1 ) resulted in 63% of the cells exhibiting no mitochondrial changes at 0.8 mM calcium, compared with 6% at 1.6 mM. However, at either of the two calcium concentrations, whenever the cells responded to the calcium insult, they exhibited the same mitochondrial and OSIR changes. Table 1 ). For each tested cell, the OSIR was averaged over the cytoplasm, excluding the nucleus, and normalized to the initial OSIR value before permeabilization. The normalized mean OSIR values per cell thus generated were subsequently averaged and plotted here. The error bars represent the 95% confidence interval of the mean. q, cells (n ϭ 70) subjected to calcium injury (1.6 mM solution 3 in Table 1 ) at t ϭ 0; Ⅺ, cells (n ϭ 64) subjected to calcium injury (1.6 mM) in the presence of 25 M CsA. In this case, all solutions (1, 2, and 3) were supplemented with 25 M CsA. Values are mean (95% confidence interval of the mean). Calcium was added at t ϭ 0. The p values indicate the probability of correlation between the two data sets, before and after calcium injury, as calculated from a two-tailed Student's t-test with equal distributions.
Light scatter simulation of mitochondrial rounding
To assess whether the rounding of elongated scatterers does in fact result in an increase in scatter ratio, we conducted simulations of light scattering by ellipsoidal and spherical particles. Ellipsoids were used to approximate mitochondrial shape before the calcium injury; spheres were used to model the mitochondria after the injury. Based on published morphometric measurements in liver parenchymal cells (Loud ,1968) , we find that the short axis of mitochondria may vary between 0.3 m and 0.6 m, whereas the length of the mitochondria may vary from 2 m to as much as 11 m. This variation in mitochondrial length was reflected in our endothelial cells. Some endothelial cells seemed to have long mitochondria (the cell in the center of the field in Fig.  2 B) , whereas others (such as the cells adjacent to the one in the center of the field in Fig. 2 B) had shorter mitochondria. In addition, mitochondria may appear artificially long in certain cases where long strands may actually correspond to two shorter and overlapping mitochondria in different focal planes. In light of the difficulty in obtaining an accurate mitochondrial length estimate directly from our images, and the fact that mitochondrial width is below the resolution of our microscope, we relied on the mitochondrial measurements published by Loud to estimate the initial mitochondrial dimensions. The average short and long axes diameters of the mitochondria before the calcium insult were taken to be 0.5 m and 4 m, respectively. Three sphere diameters were used to model the mitochondria after the calcium overload. As shown in Table 3 , upon rounding into a sphere of the same volume (case A3 B), the scatter ratio increased by 10%, in close agreement with the 14% relative OSIR increase that was measured. However, if the sphere diameter keeps increasing (cases B3 C3 D), OSIR decreases. Thus, the modeling results suggest that OSIR increase results from a mitochondrial shape change, which consisted primarily of rounding with little volume increase, or swelling.
It is important to reemphasize that the scattering response modeled by the ellipsoid in Table 3 corresponds to an average representative case that can result in a relative OSIR increase as predicted by scatter physics. As was discussed above, the mitochondria in our experiment may have varying lengths and diameters. In general, at any given diameter between 0.3 and 0.5 m, and up to a length of ϳ5 m, our model predicts that OSIR will increase upon particle rounding at constant volume. Rounding of ellipsoids longer than 5 m will, however, result in OSIR decrease according to our model. This is because when the length of the ellipsoid is larger than 5 m, the angular scattering properties are already dominated by the width of the ellipsoid, and the OSIR is independent of the ellipsoid's length. Thus, at any given width between 0.3 and 0.5 m, ellipsoids longer than 5 m will have the same OSIR as the 5-mlong ellipsoids, even though their volume is larger. At the same time, the OSIR will continue to decrease for spheres with corresponding increasing volumes. Thus, very long ellipsoids with high aspect ratios will typically round up into spheres with lower OSIR, whereas ellipsoids with lengths smaller than 5 m round up into spheres with higher OSIR. Because the average OSIR increased by 14% in our study, then based on the model prediction, this increase would result from the rounding of particles that are 4 -5 m in length (for diameters between 0.3 and 0.5 m). Based on the model, we then conclude that the mitochondria are behaving on average like 4 -5-m-long particles. This average 4 -5-m length is consistent with the observation in FIGURE 5 Differential interference contrast (A and C) and OSI images (B and D) of an endothelial cell subjected to calcium injury in the presence of CsA. Calcium (1.6 mM, solution 3 in Table 1 supplemented with 25 M CsA) was added at t ϭ 0 after permeabilization by ionomycin (20 M). Scale bar, 20 m. Dx is the long axis of the ellipsoid. Dy and Dz are the short axes. For a sphere Dx ϭ Dy ϭ Dz. The incident light was naturally polarized. The wavelength was ϭ 630nm. The cytoplasm refractive index was 1.35. The initial mitochondria refractive index was 1.4 (cases A-D) and was varied to 1.5 and 1.36 (cases AЈ and AЉ). The refractive index ratio is the ratio of mitochondria/cytoplasm index.
our images and with the lengths of mitochondria reported in the literature. To investigate whether changes in refractive index could account for the OSIR increase, we varied the refractive index of the initial ellipsoid (cases AЈ and AЉ in Table 3 ). The OSIR changes resulting from variations in refractive index were negligible. Although changes in mitochondrial index may have occurred as a result of the calcium overload, these changes could result only in intensity changes in the original dark-field images. In particular, a change in organelle refractive index may be responsible for the intensity increase in the initial dark-field images going from Fig. 3 A to Fig. 3 D upon calcium overload. However, the scatter predictions suggest that once the ratio of high NA to low NA signal is taken, the intensity of the ratiometric OSI images (Fig. 3, C and F) is itself insensitive to refractive index change. The theoretical predictions therefore imply that the change in OSIR is primarily caused by the mitochondrial shape change. Fig. 6 shows the scattering intensities as a function of the angles and (see Eq. 1) for cases A and B in Table 3 . The scattering -plane depicted in Fig. 6 is equivalent to a diffraction pattern. The scattering angle increases in the radial direction, with ϭ 0 corresponding to forward scatter (center of graph). The azimuthal scatter angle increases counterclockwise. In Fig. 6 , the scatter intensity integral at high NA is represented by the area bound by the dashed white circle and center stop (2°Ͻ Ͻ 67°), whereas the low NA integral is the area bound by the dotted black circle and center stop (2°Ͻ Ͻ 10°). These high and low limits also illustrate the diameter of the variable iris in the plane FЈ of the optical setup (Fig. 1) . Thus, the OSIR calculated in Eq. 1 is a measure of angular scatter anisotropy in the direction, represented by the ratio of side to forward angle scatter intensity. Anisotropy in the direction is averaged out by integrating from 0°to 360°. For spheres, for which there is no scatter anisotropy in the direction (Fig. 6 B) , the OSIR was previously shown to decrease monotonically for diameters D, 0.2 m Ͻ D Ͻ 1.5 m, at 630 nm (Boustany et al., 2001) . In contrast, nonspherical elongated particles exhibit both and anisotropy (Fig. 6 A) . The present theoretical predictions show that particle shape change results not only in alteration in anisotropy but also in a measurable change in anisotropy (OSIR change between cases A and B in Table 2 ).
DISCUSSION
The optical scatter imaging technique, OSI, presented here complements current microscopic methods by providing images that directly encode angular scatter data from subcellular organelles. The intensity of the ratiometric scatter images corresponds to the ratio of side-to-forward scattering intensity measured at each pixel. This scatter ratio, OSIR, correlates with subcellular morphological change. In this paper, OSIR was shown to increase within the cytoplasm of cells subjected to calcium injury. In these cells, there was a concomitant rounding of mitochondria, which appeared initially elongated. The calcium-induced mitochondrial rounding and scatter changes that ensued were suppressed by the mitochondrial permeability transition inhibitor, CsA. Thus, the measured scatter changes were directly attributable to mitochondria and the mitochondrial permeability transition. These results also suggest that the mitochondria are a sig-FIGURE 6 Scattering pattern predictions in the plane FЈ of the optical setup for an ellipsoid and a sphere of equal volume. The black dot in the center represents the beam block at the center of the variable iris (see Fig.  1 ). The diameter of the dashed white circle represents the iris diameter in the high NA position; that of the dotted black circle represents the iris diameter in the low NA position. Scattering intensities (gray scale) are shown as a function of and for the ellipsoid and sphere in cases A and B of Table 3 (A and B, respectively) . The angle of scatter increases radially from 0 to 1.2 radians (68.8°), with ϭ 0 (center of graph) representing forward scattering. The azimuthal angle of scatter increases counterclockwise going from 0°to 360°. In case A, the ellipsoid above the graph shows the orientation of the particle with respect to the -plane. In both panels, the incident light is propagating in the direction perpendicular to the -plane (into the paper).
nificant subcellular scatterer, and corroborate previous data underlining the large contribution of mitochondria to the scattering of biological tissue (Beauvoit et al., 1994 (Beauvoit et al., , 1995 .
Mitochondrial content may vary greatly from cell to cell (Beauvoit et al., 1995) . Comparing endothelial cells with hepatocytes for example, we find that the volume fraction of mitochondria in hepatocytes is 28.3%, whereas it is only 4.3% in endothelial cells (Blouin et al., 1977 ). Because we have been able to successfully correlate our scatter signal with changes in mitochondrial morphology in endothelial cells, which have a relatively low mitochondrial content, we would expect that detecting changes in light scatter by mitochondria should be possible in cell types where the volume fraction of mitochondria is at least 4%. Cells with higher mitochondrial content, such as hepatocytes, would be expected to provide better mitochondrial scattering signals. It is also important to note that by being able to spatially exclude the nucleus in our analysis, we have eliminated a significant scattering component of the cell. This may explain why even though the volume fraction of mitochondria is low in endothelial cells, we can still detect a significant mitochondrial signal. Additional experimental studies are, however, necessary to show how the technique will actually work in other cell types. In particular, changes in angular scatter by certain cells could potentially originate from alterations in a highly scattering subcellular structure in addition to mitochondria. In this case, and as for this paper, attributing the OSIR changes to mitochondria will depend on proper microscopic observation, biochemical manipulation, and optical scatter modeling. Very inhomogeneous cells may also be analyzed by considering the OSIR in specific subregions of the cell, as opposed to averaging the OSIR over the whole cytoplasm as was done in our study. Conversely, the ability of the technique to detect general morphological change may make it amenable to studying biological problems involving organelles other than mitochondria.
In our system, the suppression of the scatter changes by CsA in combination with microscopic evidence served to identify the mitochondrial permeability transition as the biological process underlying our measurement. On the other hand, the theoretical simulations of light scattering from an ellipsoid rounding up served to elucidate the optical basis behind the measured increase in OSIR. The approximation of the mitochondria as ellipsoids rounding up after calcium overload resulted in predicting a relative increase in the OSIR, on the order of 10%, which was in close agreement with the relative 14% increase in OSIR that was measured in cells. In addition, the simulations showed that the calculated OSIR was not significantly sensitive to refractive index changes. This suggests that changes in OSIR can be solely attributed to changes in particle size or shape. We had previously shown that the scatter ratio is independent of refractive index for spheres with diameter D, 0.2 Ͻ D Ͻ 1.5 (with a wavelength of 630 nm) (Boustany et al., 2001 ). Here, this result is extended to the case of an ellipsoid.
The approximation of mitochondria as ellipsoids rounding up into spheres in response to large calcium concentration sheds light on the angular scattering properties of a particle subjected to a sudden shape change. The current simulations of light scattering by mitochondria are consistent with experimental observation to the extent that they show that mitochondrial rounding can result in a relative OSIR increase. Nonetheless, the actual average OSIR value measured in the cell cytoplasm went from 1.47 to 1.68 (Table 2) upon mitochondrial rounding compared with the calculated OSIR values, which went from 3.33 to 3.67 for ellipsoids rounding up into spheres (case A3 B in Table 3 ). The discrepancy in absolute OSIR values could be because of the fact that mitochondria start out like rounded cylinders rather than ellipsoids and round up into spheres of larger volume than estimated. This could result in lower OSIR values than those presently predicted. To take into account the exact level of final swelling in situ and the more subtle shape/size changes that may accompany the gross change in shape will require more elaborate models of the initial and final mitochondrial matrix geometry. Ultimately, geometrical models of the mitochondria could be refined to take into account the precise mitochondrial ultrastructure (Frey and Mannella, 2000) . Simulations may also become available to predict the dark-field image of three-dimensional scatterers on a pixel-by-pixel basis (Ovryn and Izen, 2000) , thus taking the imaging properties of the optical system also into account.
The mitochondrial morphological changes observed in situ in this study differ from those observed in isolated mitochondrial suspensions. Isolated mitochondria are initially spherical in shape as opposed to elongated rounded cylinders. Studies of the mitochondrial permeability transition in isolated mitochondria do not show rounding of the mitochondria from an initially elongated shape. Instead, the mitochondrial permeability transition in isolated mitochondria is typically accompanied by swelling of the spherically shaped mitochondria and transition from an initial aggregated matrix state to the noncondensed orthodox matrix configuration (Hunter et al., 1976; Pfeiffer et al., 1976; Beatrice et al., 1984; Petronilli et al., 1993) . One exception is the study by Reed and Savage (1995) who show that CsA-dependent permeabilization of the mitochondrial inner membrane can be achieved with or without swelling of isolated liver mitochondria. Still in that study, the mitochondria are initially spherical. Thus, the cytoplasmic environment and the presence of cytoskeletal proteins may play an important role in maintaining the shape of mitochondria in situ. One study shows in situ calcium-induced mitochondrial rounding from an initial rod-like cylindrical shape, in agreement with our observation of significant shape change (Kristal and Dubinsky, 1997) . Nevertheless, in that study of mitochondria in cultured astrocytes, the rounded mitochon-dria are reportedly swollen after calcium injury, with a final diameter exceeding their initial measured length. This very large amplitude swelling, which may accompany the shape change, was not present in our experiments (see Fig. 2 ). Additional studies will be necessary to assess how cell type and the cytoplasmic environment may affect the morphological nature of the mitochondrial permeability transition as observed in situ.
In this investigation, our transmission microscope was set up in the central dark-ground configuration, and wide and narrow angles of scatter were selected by varying the diameter of the aperture in a Fourier plane conjugate to the objective's back focal plane. The measured scatter ratio, OSIR, represented the wide-to-narrow scatter intensity as an indicator of particle size/shape and was directly mapped onto the full field of view. As depicted in Fig. 6 , OSIR is a measure of scatter anisotropy in the direction. Previous scattering studies of mitochondrial suspensions have used the measurement of light transmission (or absorbance) or 90°scatter intensity to track changes in mitochondrial volume. Although under certain conditions, these measurements correlate well with mitochondrial morphology Haworth, 1979, Pfeiffer et al., 1976; Petronilli et al., 1993) , they could present some shortcomings. The general relationship between transmitted light or light scattered at one single angle and particle volume is not always monotonic (Bryant et al., 1969; Latimer and Pyle, 1972) . Moreover, changes in refractive index also contribute to the change in light scatter in addition to morphology change, thus confounding data interpretation. A study by Knight et al. (1981) shows how changes in light scattered at 90°may not necessarily correlate with mitochondrial volume change and points at the difficulty in interpreting single-angle scatter data. By comparison, the OSIR measured in this study has the advantage of decreasing monotonically over a large range of sphere diameters from 0.2 m to 1.5 m (see Boustany et al., 2001) . Moreover, the OSIR is not significantly sensitive to refractive index changes for spheres in this size range as well as for ellipsoids with dimensions comparable to those of mitochondria in situ.
In the present setup, the scatter intensity was averaged in the azimuthal scatter direction . Scatter anisotropy in the direction may give information about particle shape for nonspherical particles and could be measured by redesigning the iris to take the ratio of two perpendicular scatter directions, such as horizontal to vertical scatter with respect to the -plane. This ratio would be a function of the particle orientation with respect to the optical axis. To provide particle shape anisotropy, the iris will need to be rotated in the direction while several ratiometric images are collected and later processed. Alternatively, particle shape and orientation may be probed by varying the polarization of the incident beam. In general, our method consists of directly mapping selective scatter information into the imaging plane by use of a spatial filter in the Fourier plane. Although we have chosen to first look at the ratio of wide-to-narrow-angle scatter, other Fourier plane apertures could easily be designed to select different scattering parameters.
To date, most light-scatter-based studies on mitochondrial morphology have been conducted in preparations of isolated mitochondria. Although studies on the mitochondrial permeability transition can now be conducted in situ by observing the movement of the fluorescent dye calcein-AM across the mitochondrial inner membrane (Lemasters et al., 1998; Petronilli et al., 1999) , changes in the actual morphology of mitochondria have rarely been directly assessed from an optical measurement made in situ. One example is the study by Kristal and Dubinsky (1997) , where mitochondria in cultured cortical astrocytes are classified according to their shape (rod-like or rounded) and counted after labeling with the fluorescent dye JC1. Another is the study of mitochondrial volume in situ using measurements of light scattering by hepatocytes in suspension (Quinlan et al., 1983) . As shown in Fig. 2 , large amplitude mitochondrial shape changes could be detected by differential interference contrast (DIC) and fluorescence. However, to quantify the observed changes, one would have to analyze the DIC and fluorescence images in great detail. OSI gives a rapid quantification of the data. The particles being probed need not be individually resolved and measured by traditional morphometric methods, thus avoiding a tedious process of image recognition, particle sizing, and counting. OSI complements current microscopic methods, allows realtime monitoring of the same cells, and could be easily automated and extended to high-throughput screening.
